Recently, a new family of homeodomain proteins has emerged, that includes extradenticle, ceh-20, Pbxl, Pbx2 and Pbx3. The Pbx family has been shown to modulate the biological activities of the Hox proteins. We demonstrate here by in situ hybridization that Pbxl transcripts are present in many embryonic tissues. Highest levels of Pbxl expression in the developing embryo, from 12 to 20 days post coitum, are found in neuronal tissues, including brain, spinal cord and ganglia. In addition, Pbxl transcripts are also detectable in the gut, lung, olfactory epithelium and kidney. The expression pattern of Pbxl overlaps with that of many of the Hox gene products and is consistent with them acting in parallel to regulate common target genes.
Introduction
In Drosophila, a number of regulators have been identified that play a crucial role in the correct pattering of the embryo (Krmnlauf, 1994; Lawrence and Morata, 1994) . Many of these regulators have in common a region of homology that forms a monomeric helix-turnhelix DNA binding domain, the homeodomain (Laughton and Scott, 1984; Desplan et al., 1988; Kissinger et al., 1990; Gehring et al., 1994) . Mutations in genes encoding the homeodomain proteins cause homeotic transformations (McGinnis et al., 1984; Krumlauf, 1994; Lawrence and Morata, 1994) . In vertebrates, the homeotic proteins have a similar role in patterning a wide variety of body structures (Krumlauf, 1994; Lawrence and Morata, 1994) .
Recently, a novel family of homeodomain proteins has been identified that includes three mammalian members Pbxl, Pbx2 and Pbx3, a C. eleguns gene product ceh-20 and a Drosophila protein, designated extradenticle (exd) (Monica et al., 1991; Biirglin and Ruvkun, 1992; Flegel et al., 1993; Rauskolb et al., 1993) . exd was originally identified as a zygotic embryonic mu- * Corresponding author. tation that causes morphological transformations in Drosophila embryos (Peifer and Wieschaus, 1990) . In contrast to other homeotic mutations, the expression patterns of the homeotic genes, including Ubx and abd-A, are not altered in exd mutants. In addition, the exd gene is not regulated by the homeotic selector proteins (Peifer and Wieschaus, 1990) . These data suggest that exd and the homeotic selector gene products act in concert to regulate the expression of target genes.
Recently two target genes required for midgut morphogenesis, decapentaplegic (dpp) and wingless, have been identified that are regulated by exd (Chan et al., 1994; Capovilla et al., 1994; Rauskolb and Wieschaus, 1994) . Proper expression of dpp requires both exd and Ubx (Rauskolb and Wieschaus, 1994) and in vitro binding studies using the dpp enhancer as a template have recently shown that exd and Ubx interact to bind cooperatively to sites present in the dpp enhancer (Chan et al., 1994) . In addition, we have recently shown that exd has the ability to bind cooperatively to DNA with abd-A, Ubx and engrailed using synthetic DNA templates (van Dijk and Murre, 1994) .
The exd protein is closely related to the human protooncogene PbxZ(85% identity in a region comprising 200 residues) (1995) 193-198 Fig. 1. Localization of Pbxf mRNA signal in a sagittal section of a 13-day-p.c. rat embryo using in situ hybridization with an antisense 3SS-labeled RNA probe. Low magnification of the autoradiographic image on X-ray film shows Pbx1 mRNA signal. Areas labeled are the midbrain (mid) and medulla oblongata (mo). Signal is also found in the spinal cord (SC), genital system (gen), stomach (stom) and olfactory epithelium (0). Control hybridization (right panel) shows background level of signal using a sense strand probe. Bar, 2 pm.
1994). The Pbxl gene maps to chromosome lq23, a site consistently rearranged in pediatric pre-B acute lymphoblastoid leukemia (ALL) (Nourse et al., 1990; Kamps et al., 1990; . In pre-B ALL, a chromosomal translocation t( 1; 19) fuses the C-terminal domain of Pbxl, containing the homeobox, to the Nterminal transactivation domain of E2A, normally a gene encoding a helix-loop-helix protein (van Dijk et al., 1993; Lu et al., 1994) . Two additional mammalian members, Pbx2 and Pbx3 have been described. Both of them are closely related to Pbxl (95% identity within the homeodomain and 85% identity within a 200 amino acid stretch flanking the homeodomain) (Monica et al., 1991) . In vitro studies have shown that Hox proteins have the ability to modulate the DNA binding activity of mammalian Pbxl (van Dijk et al., submitted) . Thus, the function of Pbx proteins in mammalian development may be to act in concert with the Hox proteins to activate downstream genes. To determine whether Pbxl transcripts overlap with the expression patterns of the Hex genes, we performed in situ hybridization of Pbxl mRNA on rat embryos. Here we show that the expression pattern of Pbxl indeed overlaps with that of many of the homeotic gene products. The overlapping patterns of gene expression is consistent with its role to act in parallel with the Hox proteins.
Results
Recently, we showed that Pbx gene products have the ability to interact in vitro to bind cooperatively to DNA with two Z&x gene products, Hoxb-7 and Hoxb-8, and one of the murine engrailed proteins, En-2 (van Dijk et al., submitted). These biochemical data suggested that the role of Pbxl in mammalian development may be to act in concert with the HOX gene products to regulate common target genes. To determine whether the expression pattern of Pbxl allows interactions with the HOX gene products, we Fig. 3 . Localization of Pbxl mRNA signal in a sagittal section of an 18-day-p.c. rat embryo. Low magnification of the antisense %-labeled RNA probe autoradiographic image on X-ray film shows Pbxl mRNA signal throughout the brain. Areas labeled are the olfactory lobe (ol), midbrain (mid) and medulla oblongata (mo). Other areas labeled showing positive mRNA signals are the skin, lung, kidney (k), heart (ht), submandibular gland (sm) and vibrassae (vb). Control hybridization (right panel) shows background level of signal using a sense strand probe. Bar, 2 pm. 1995) 193-198 examined the expression pattern of Pbxl in developing rat embryos. Different embryonic ages, including 12-20 days p.c., were examined for Pbxl expression by in situ hybridization. Because of the high degree of homology between the various Pbx genes, we used a probe specific for the unique C-terminal 119 amino acid Pbxl domain.
Background levels of hybridization were determined by utilizing a sense Pbxl RNA probe in all experiments. At 13 days pc. a positive mRNA signal was found most prominently in neuronal tissue (brain, spinal cord and ganglia) ( Fig. 1; Table 1 ). In addition, high levels of Pbxl expression in the olfactory epithelium, gut, stom- (1995) 193-198 197 ach and parts of the genital system could be detected ( Fig. 1 ; Table 1 ). Weak expression of Pbxl was also observed in the heart at this stage of embryogenesis (Table 1) . At 14 days p.c., Pbxl mRNA signal was also prominent in the lung and vibrissae; while at 15 days p.c., additional signal could be found in the submandibular gland, kidney, skin and hair follicles (Table 1 ). In situ hybridization of Pbxl mRNA from day 15 through 20 days p.c. revealed very similar patterns of expression (Table 1; Figs. 2 and 3) . Pbxl expression was observed throughout all areas of the brain, spinal cord and ganglia at each of the ages examined ( Figs. 2 and 3 ; Table 1 ). While mRNA signal was not confined to specific neuronal structures, some areas of the brain, most notably the cortex, were strikingly abundant in their levels of expression (Figs. 2 and 4) . Interestingly, Pbxl expression could not be detected in haematopoietic organs, including fetal liver and thymus (Figs. 2-4) .
To determine the cell specific expression of Pbxl in the organs, a high magnification analysis was performed. Pbxl expression was generally ubiquitous throughout the organ and not confined to any particular cell type (Fig. 4) .
Discussion
The study of segment formation in Drosophila has led to the identification and characterization of the homeotic selector genes (Laughon and Scott, 1984) . Recently, it has been shown that the homeotic gene products act in concert with another family of homeodomain proteins that includes exd and Pbx (Chan et al., 1994; van Dijk and Murre, 1994; van Dijk et al., submitted) . These studies suggested that Pbx products may modulate the biological activities of Hox proteins.
In the mouse, four clusters are present that contain Hex genes, localized on different chromosomes (Krumlauf, 1994) . The Hex genes are primarily expressed in partially overlapping domains in a wide variety of body structures such as the limbs, gut, the hind brain segments, neural crest and the genitalia (Wilkinson et al., 1989; Gaunt et al., 1989; Kessel et al., 1990; Dolle et al., 1991) . We show here that Pbxl is expressed in those tissues.
In addition to binding cooperatively to DNA with the Hex gene products, Pbxl has also been shown to interact in vitro with both Drosophila and murine engrailed (van Dijk and Murre, 1994; van Dijk et al., submitted) . Two engrailed genes are present in mice and other vertebrates that are closely related to Drosophila engrailed (Joyner and Martin, 1987) . At 15.5 days, the engrailed genes are expressed in a region that crosses the junction between mid and hindbrain (Davis and Joyner 1988) overlapping with the expression of Pbxl. Thus, the expression pattern allow interactions to occur between Pbxl and the engrailed gene products.
Pbxl transcripts using in situ hybridization could not be detected in areas were lymphocytes develop, including thymus and fetal liver (Fig. 4) . This is consistent with Northern blot analysis of RNA derived from lymphoid cell lines in which Pbxl transcripts are clearly absent (Monica et al., 1991) . However, various Hex genes have been documented to be expressed in normal and transformed lymphoid cells (Celetti et al., 1993) . This raises the question: Which proteins modulate the activities of Hox proteins in lymphoid cells? Northern blot analysis has shown that both Pbx2 and Pbx3 are expressed in a number of lymphoid cell lines. Pbx2 and several of the Hex gene products have recently been shown to bind cooperatively to DNA (van Dijk et al., submitted) and it is plausible that they will act together with the Z-Zox gene products to regulate downstream genes in lymphoid tissues.
If Pbxl and Z-Zox gene products act together to activate common target genes, the question arises: What genes are candidates for regulation by Pbxl? In Drosophila, two target genes of exd have been identified, dpp and wingless (Rauskolb and Wieschaus, 1994) . Much of the regulatory network that controls the formation of body structures has been conserved and it is conceivable that genes closely related to dpp and wingless in vertebrates are regulated by the Hox/Pbx proteins as well. The patterns of Pbxl expression indeed overlap with several genes of the Writ family (Gavin et al., 1990; Roelink and Nusse, 1991) and it will be interesting to determine whether the regulation of these genes also require Pbxl.
Materials and methods

Animals and tissue preparation
Pregnant female (250 g) Sprague-Dawley rats were purchased from Simonsons Laboratories (San Jose, CA) and kept under standard housing, feeding and lighting conditions (23°C 12-h light, 12-h dark cycle with lights on at 0600 h). From 12 to 20 days post coitum (p.c.), pregnant rats were anesthetized with an IM injection of a 50/50 mixture of ketamine hydrochloride (90 mg/kg) and xylazine (10 mg/kg) and perfused transcardially with 100 ml saline followed by 700 ml ice cold 4% paraformaldehyde in borate buffer (38.14 g sodium tetraboratefliter; pH 9.5). Embryos were removed from the uterus and placenta and postfixed from l-6 months at 4°C in loo/o neutral buffered formalin (Richard-Allan Medical, Richland, MI). Sucrose (lO?/,) was added 24 h prior to freezing the tissue in a 50150 mixture of aquamount (timer Laboratories, Pittsburgh, PA) and OCT (Miles Inc., Elkhart, IN) embedding medium. Frozen sections were cut on a cryostat at 25 pm thick, thawmounted on polylysine-coated slides and stored desic- An antisense 35S-labeled RNA probe, specific for the human pbxl homeodomain containing protein, comprised 360 nucleotides and was generated by transcription from the T3 promoter of linearized pBluescript Sk+ subclone to a specific activity of log-10' counts/min/mg. Maximal labeling of the probe was achieved using an excess of 35S-UTP (approx. 1200 cimM). A sense "S-labeled RNA probe, generated by transcription from the T7 promoter, was used for control hybridization.
In situ hybridization
Pbxl mRNA was detected using a modification of the protocol of Simmons et al. (1984) . Mounted sections were incubated at room temperature for 30 min in the 4% paraformaldehyde/borate buffer fixative, rinsed in 0.05 M potassium phosphate buffered saline (KPBS) and then incubated for 15-30 min in proteinase K (5 &ml or 10 pg/ml) at 37°C. Following digestion, sections were rinsed in 0.1 M triethanolamine (TEA), then incubated with acetic anhydride in 0.1 M TEA (10 min, room temperature) and dehydrated in ascending ethanol concentrations. Sections were vacuum dried then hybridized for 16 h at 60°C to labeled RNA sense and antisense probes on adjacent sections on separate slides. After RNase A (20 &ml) treatment and desalting, sections were washed in 15 mM NaCl-1.5 mM sodium citrate with 1 mM dithiothreitol at 60°C for 30 min. Sections were dehydrated and subjected to additional desalting in ascending concentrations of ethanol. Sections were vacuum dried then exposed to /3-max X-ray Hyperlilm (Amersham, Arlington Heights, IL) for l-4 days. After film exposures, slides were defatted and dipped in nuclear track emulsion (NTB-2, Kodak, Eastman-Kodak, Rochester, NY) and exposed for 21-28 days as determined by the optimal exposure time on the X-ray film (1 day on film equals 1 week exposure to emulsion). After developing (Kodak D19) and lixation (Kodak, Ektaflo), slides were stained with hematoxylin and eosin-Y (H & E) and coverslips were mounted with DPX mountant (Gallard Schlesinger, Long Island, NY). Black and white photographs were taken of the autoradiographic image on X-ray film and on the emulsion-coated tissue sections, using Ilford XP2 35 mm film.
